Around 10% of bright low-frequency radio sources observed with the Murchison Widefield Array (MWA) show strong Interplanetary Scintillation (IPS) on timescales of a few seconds, implying that almost all their low-frequency radio emission comes from a compact component less than 0.5 arcsec in angular size. Most of these objects are compact steep-spectrum (CSS) or MHz-peaked spectrum (MPS) radio sources. We have used mid-infrared data from the Wide-field Infrared Survey Explorer (WISE) catalogue to search for the host galaxies of 65 strongly-scintillating MWA sources and compare their properties with those of the overall population of bright low-frequency radio sources. We identified WISE mid-infrared counterparts for 91% of the bright sources in a single 900 deg 2 MWA field, and found that the hosts of the stronglyscintillating sources were typically at least 1 mag fainter in the WISE W1 (3.4 µm) band than the hosts of weakly-scintillating MWA sources of similar radio flux density. This difference arises mainly because the strongly-scintillating sources are more distant. We estimate that strongly-scintillating MWA sources have a median redshift of z ∼ 1.5, and that at least 30% of them are likely to lie at z > 2. The recently-developed wide-field IPS technique therefore has the potential to provide a powerful new tool for identifying high-redshift radio galaxies without the need for radio spectral-index selection.
INTRODUCTION
recently developed a novel technique that uses high time-resolution imaging with the Murchison Widefield Array (MWA; Tingay et al. (2013) ) to measure interplanetary scintillation (IPS) for many hundreds of radio sources simultaneously across a wide area of sky. Since strong IPS is only seen for sources that are dominated by a compact component less than ∼ 0.5 arcsec in size, this technique makes it possible to identify large numbers of subarcsecond radio sources efficiently without the need for VLBI observations. Chhetri et al. (2018a) applied this technique to a five-E-mail:elaine.sadler@sydney.edu.au (EMS) minute observation of a 900 deg 2 MWA field at 162 MHz with 0.5 s time resolution, and found that 12% of the strong continuum sources in this field showed rapid fluctuations caused by IPS. Interestingly, Chhetri et al. (2018a) showed that the compact source population at low frequencies is dominated by peaked-spectrum radio sources, and that many of the flat-spectrum QSOs that are compact at frequencies of a few GHz show extended structure at 160 MHz. All the sources studied by Chhetri et al. (2018a) are also catalogued in the 72-231 MHz MWA GLEAM survey (Wayth et al. 2015; Hurley-Walker et al. 2017 ).
Our aim in this paper is to identify the host galaxies of the compact low-frequency sources found by Chhetri et al. (2018a) , and to compare their properties with those of the host galaxies of other bright MWA sources. Since the The data samples analysed in this paper are drawn from the 900 deg 2 MWA field observed by Chhetri et al. (2018a) . To identify the host galaxies of these sources, we used the all-sky mid-IR Wide-field Infrared Survey Explorer (WISE) allWISE catalogue (Wright et al. 2010; Cutri et al. 2013) . This is currently the deepest large-area photometric catalogue available, and most powerful radio AGN out to redshift z ∼ 1.5 are expected to have a counterpart in the WISE catalogue (Gürkan et al. 2014; Glowacki et al. 2017) .
The relatively high surface density of WISE sources (up to 10,000 deg −2 at high Galactic latitude) means that sub-arcsec radio positions are needed for reliable crossmatching. Achieving this can be challenging for extended low-frequency sources, which often have complex radio structures with no prominent central core. We therefore took a two-step approach to cross-matching the Chhetri et al. (2018a) MWA sources.
(i) We first compiled a main IPS-FIRST sample of MWA sources from Table 1 of Chhetri et al. (2018a) , selected to have high enough S/N that they can be reliably split into scintillation classes. This sample includes many sources with complex or extended radio structure, so we used the VLA FIRST survey as the basis for our WISE cross-matching as described in §2.2 below. Since the FIRST survey overlaps only the northern part of the MWA field, the main sample contains only the 88 high S/N sources that lie in this overlap area (see Figure 1) .
(ii) We also compiled an expanded compact sample of sources that show strong IPS as defined by Chhetri et al. (2018a) . These strongly-scintillating sources are known to be compact on sub-arcsec scales at 162 MHz, and experience shows that identifications can be made fairly reliably from the lower-resolution NVSS data. For these compact objects therefore, we can relax both the SNR limit and the restriction that sources need to lie within the FIRST overlap area. The expanded compact sample comprises 65 stronglyscintillating sources, as discussed in §2.3 below.
(iii) In addition, there are 85 Chhetri et al. (2018a) high S/N (normSNR≥12.5) sources in the MRC-1Jy catalogue (McCarthy et al. 1996; Kapahi et al. 1998b) , which covers two strips of sky between -20 • and -30 • declination. This IPS-MRC-1Jy sample has a different selection frequency from the other two samples (408 MHz rather than 162 MHz), and as a result it is skewed towards slightly brighter sources than the other two sub-samples. It does however contain additional information that will be valuable for later analysis, including accurate radio positions, galaxy/QSO classifications for all sources, and over 40 sources with published spectroscopic redshifts.
The overall properties of these three samples are summarised in Table 2 (where columns 6 and 7 show the number of sources classified as either compact or peaked-spectrum by Chhetri et al. (2018a) and column 8 the number of sources detected in the Australia Telescope 20 GHz (AT20G) survey ). Figure 1 shows the sky distribution of the three samples described above. Table 1 . Summary of large-area spectroscopic samples of bright low-frequency radio sources. The location of each sample on the sky area is indicated in column 3 as: N = Northern hemisphere, S = Southern hemisphere, E = Equatorial. Our IPS field overlaps with parts of the MRC-BRL, MS4 and MRC-1Jy survey areas. Kapahi et al. (1998b) and (80% galaxies, 20% QSOs) Baker et al. (1999) Chhetri et al. (2018a) , and compact sources are defined to be those with a normalised scintillation index (NSI) ≥ 0.9, meaning that 90% of the low-frequency flux density arises from a sub-arcsec compact component. The lower S/N cutoff adopted for the expanded compact sample means that this sample contains more faint sources and so has a lower median flux density. 
Radio cross-matching
To derive the most accurate radio positions for WISE crossmatching, we matched the MWA GLEAM sources with objects in the higher-resolution 1.4 GHz FIRST (Becker et al. 1995) and NVSS (Condon et al. 1998) catalogues. This cross-matching process is reasonably straightforward, since the MWA sources are bright enough at 162 MHz that they should be easily detectable in the higher-frequency surveys even if resolved into two or more components. 1 For the main IPS-FIRST sample, we examined the FIRST catalogue and images for all the 'high S/N' (norm-SNR ≥ 12.5) sources from Table 1 of Chhetri et al. (2018a) that lay within the FIRST overlap area. Where two or more FIRST sources lay within the MWA beam, we used well-established criteria (see e.g. section 3.3 of Ching et al. (2017) ) to associate double and triple sources and measure a radio centroid. Of the 88 sources in Table 3, 37 have a single  FIRST component, 32 are resolved doubles in FIRST and 19 are associated with three or more FIRST components. For 1 As noted by Chhetri et al. (2018a) , the one exception in their sample is the steep-spectrum cluster relic GLEAM J004130-092221 (MRC 0038-096), which is resolved out and undetected in the FIRST survey.
sources matched with a single FIRST component, the median offset between the FIRST and MWA GLEAM positions was 3.2 arcsec.
For the expanded compact sample, where all the MWA sources are expected to be single and unresolved on arcsec scales, we carried out a simple cross-match with the NVSS catalogue. All the objects in this sample were reliably matched with a single NVSS source, and for these bright sources the NVSS positional accuracy is typically better than 1.5 arcsec. The median offset between the NVSS and MWA GLEAM positions was 3.4 arcsec.
For the IPS-MRC-1Jy sample, we used the radio core positions measured by McCarthy et al. (1996) and Kapahi et al. (1998b) , which are typically accurate to better than 1 arcsec.
The main IPS-FIRST sample
We restricted our main sample to the 88 high S/N sources from Chhetri et al. (2018a) that lie within the 1.4 GHz VLA FIRST survey area. This allows us to use the high-resolution FIRST data to characterise the radio structure, and to measure a more accurate radio centroid for sources with extended radio structure. These radio sources are bright enough that most of them can be reliably divided into three IPS classes on the basis of their normalised scintillation index (NSI), as discussed in §4.1 of Chhetri et al. (2018a) (a few high S/N sources have NSI upper limits between 0.4 and 0.6, and so may be either weak or moderate scintillators).
• 10% are strong scintillators with NSI ≥ 0.9, in which all the observed flux density arises from a region less than 0.5 arcsec in angular size,
• 27% are moderate scintillators, with 0.4 ≤ NSI < 0.9, where most of the observed flux density arises from one or more sub-arcsec compact components, and
• 63% show weak or no scintillation, with NSI < 0.4, and most of the observed flux density is extended on scales of a few arcsec or larger.
Well-developed and reliable techniques already exist for matching FIRST radio data with large optical surveys (e.g. Best et al. 2005; Ching et al. 2017) . In this paper we use the same methodology as Ching et al. (2017) , including their technique for associating components of multi-component sources.
For sources with a single FIRST component (42% of the main sample), we used a 2.5 arcsec matching radius to search for a WISE counterpart. For sources with multiple FIRST components, we used the FIRST radio centroid with the same 2.5 arcsec matching radius, and also made a visual inspection of overlay plots like those shown in Figure 2 .
We found WISE matches for 80/88 (91%) of sources in the main IPS-FIRST sample. Notes on some individual sources are in the Appendix.
The expanded compact source sample
An expanded sample of strongly-scintillating sources, also from Table 1 of Chhetri et al. (2018a) , was selected to have normSNR ≥8.0 and NSI ≥0.90. We were able to relax the S/N cut for these compact sources, since the high level of scintillation they show can be reliably detected even for weaker sources. The final 'expanded compact' sample contains 65 objects, of which 18 are also in the main IPS-FIRST sample and a further eight are in the IPS-MRC-1Jy sample.
Not all the sources in the expanded compact sample lie in the FIRST overlap area, but the compact nature of these sources means that we can use the radio positions from the lower-resolution NVSS survey to match with WISE (again using a 2.5 arcsec matching radius).
This initial comparison found WISE matches for 53/65 (82%) of sources in the main sample. For objects with no catalogued WISE source within 2.5 arcsec of the radio position, one of us (THJ) inspected WISE images of the region around the radio-source position to: (i) search for any fainter, uncatalogued WISE sources, and (ii) check for any objects with AGN-like WISE colours (W1-W2 > 0.60 mag) with offsets slightly larger than 2.5 arcsec. This process identified six further WISE counterparts, three of which were significantly fainter in W1 than the allWISE catalogue limit, giving a final WISE identification rate of 59/65 (91%).
The IPS-MRC-1Jy sample
The Chhetri et al. (2018a) IPS field overlaps part of the MRC-1 Jy catalogue area at −20 • to −30 • declination. There are 85 high S/N (normSNR≥12.5) sources from the Chhetri et al. (2018a) catalogue that are also in the MRC-1Jy radio galaxy (McCarthy et al. 1996) or QSO (Kapahi et al. 1998b) catalogue, and the accurate radio positions available for the MRC-1Jy sources (Kapahi et al. 1998a ) allow us to make reliable cross-matches with the WISE catalogue. We found WISE matches for 81/85 (95%) of the MRC-1Jy subsample.
Data tables
Tables 3, 4 and 5 provide information for the main IPS-FIRST sample, the expanded compact source sample and the IPS-MRC-1 Jy sample respectively.
The redshift references in Tables 3 (column Wright et al. (1983) 3 RESULTS 3.1 Mid-IR properties of sources in the IPS field
Overall mid-IR properties
The WISE two-colour diagrams shown in Figures 3 and 4 provide a first look at the mid-IR properties of bright lowfrequency radio sources out to redshift z ∼ 1 and beyond. Jarrett et al. (2017) have shown that WISE colors can provide useful insights into extragalactic radio sources and their evolutionary state. Normal galaxies where the mid-IR emission is dominated by starlight typically have W1-W2 < 0.6 mag (Wright et al. 2010) , with early-type galaxies generally having low W2-W3 colours (W2-W3 < 1.5) and starforming galaxies higher values (W2-W3 > 1.0). Very dusty star-forming galaxies and ULIRGs typically have W2-W3 > 4. QSOs and other powerful 'radiative-mode' AGN have W1-W2 > 0.8, implying that light from the AGN dominates the mid-IR SED.
As can be seen from Figure 3 , the radio-loud QSOs detected at 162 MHz span a fairly narrow range in WISE twocolour space, and mainly lie near the WISE 'blazar strip' Figure 2 . Examples of the overlay plots used to assist identification of MWA sources. Greyscale images show the WISE W1 (3.4 µm) and W2 (4.6 µm) data, with radio contours overlaid on the W1 image. Red contours correspond to the 162 MHz MWA data and blue contours to the higher-resolution VLA FIRST data. A cyan cross marks the FIRST radio centroid, and orange circles mark mid-IR sources listed in the AllWISE catalogue (Cutri et al. 2013 ). For both MWA sources shown here, the WISE source closest to the radio centroid was accepted as a genuine ID.
defined by Massaro et al. (2012) . In contrast, the radio galaxies show a large spread across the two-colour diagram, and include both objects with colours typical of galaxies and objects with QSO-like mid-IR colours. Figure 4 shows a WISE two-colour plot split by scintillation class. Most of the strongly-scintillating and moderatelyscintillating sources lie in the region with W1-W2 > 0.8 mag where the AGN light outshines the host galaxy, implying that most of these objects are radiatively-efficient AGN (high-excitation radio galaxies and QSOs; see e.g. Heckman & Best (2014) ). In contrast, over half of the more extended radio sources with weak or no scintillation have W1-W2 < 0.8 mag, implying that they are radiatively inefficient (low-excitation, or'jet-mode') AGN whose mid-IR emission is dominated by stellar light from the host galaxy (Ching et al. 2017) .
At this stage, the main conclusion that can be drawn from Figures 3 and 4 is that most of the strongly-scintillating IPS sources appear to be high-excitation radio galaxies (HERGs; Heckman & Best (2014)) or radio-loud QSOs.
The main IPS-FIRST sample
Of the 88 main-sample sources in the FIRST overlap area (Table 3) , 80 (91%) are reliably matched with a catalogued WISE source but only 29 (33%) have a known redshift. The mid-IR properties of these radio sources should be typical of the overall MWA source population at flux densities near ∼ 1 Jy.
Of the 80 sources with WISE IDs, 37 (46%) have W1-W2 colours >0.8, i.e. consistent with a radiatively-efficient AGN, and 43 (54%) have W1-W2 colours ≤0.8, i.e. dominated by galaxy stellar light. Thus the main sample contains a roughly equal mixture of 'radiative mode' and 'jet mode' radio AGN (Heckman & Best 2014) . Table 6 compares the WISE properties of main-sample sources in the three scintillation classes defined by Chhetri et al. (2018a) . As can also be seen from Figure 5 , the compact sources with NSI ≥0.9 are typically significantly fainter in W1 than the extended sources with NSI <0.9. There are at least two plausible reasons for this -(i) the compact sources could be on average more distant than the extended sources, Figure 5. WISE W1 (3.4 µm) magnitude plotted against normalised scintillation index (NSI) for all objects in the main sample (Table 3) . Red points show radio sources matched with a WISE counterpart -filled red points show objects with an IPS detection, while open triangles represent IPS non-detections with an upper limit in NSI. Blue points show sources not matched with WISE, for which we assume W1 < 17.5 mag. Blue triangles show objects with IPS detections, and blue crosses objects with an upper limit in both W1 and NSI. The three horizontal black lines show the median W1 magnitudes for the three scintillation classes discussed in §2.3 of the text.
or (ii) the compact sub-sample could contain fewer QSOs (which are generally brighter in W1 than radio galaxies) than the extended sample. We consider this further in §3.2, where we discuss the relationship between W1 and redshift for the radio galaxy and QSO populations. 3.1.3 The expanded compact source sample Table 7 gives an overview of the WISE properties of the expanded compact sample from Table 4 The overall ID rate for these sources (91%) is similar to that for sources in the main IPS-FIRST sample (see Table 6 ).
Within the expanded compact sample, we can identify three sub-classes based on the low-frequency radio spectrum and 162-1400 MHz spectral index.
• Compact steep-spectrum (CSS) sources with powerlaw radio spectra and 162-1400 MHz spectral index α < −0.5. 33 (51%) of the strongly-scintillating sources fall into this class
• Peaked-spectrum sources: 27 (42%) of the stronglyscintillating (NSI≥ 0.9) sources in the expanded compact sample are peaked-spectrum objects identified by Callingham et al. (2017) . As noted by Chhetri et al. (2018a) , a surprisingly high fraction of all compact low-frequency sources have peaked radio spectra.
• Compact flat-spectrum sources: Only 7% of the strongly-scintillating sources have 'flat' radio spectra with 162-1400 MHz spectral index α ≥ −0.5. These flat-spectrum objects are a minority population and (as can be seen from Table 7 they are significantly brighter in W1 than the other compact sources. Three of the five objects in this class are known to be QSOs. The other two have no optical spectrum currently available.
Both the compact steep-spectrum and peaked-spectrum sub-samples contain many objects with faint W1 magnitudes. The median W1 magnitudes for both classes are similar -implying that we see a genuine distinction between a majority population of steep-and peaked-spectrum compact sources associated with (mainly) faint galaxies, and a smaller population of flat-spectrum sources associated mainly with radio-loud QSOs. Our current sample has only two stronglyscintillating sources with α < −1 (i.e. 'ultra-steep spectrum' sources as defined by Jarvis et al. (2001a) ), but we note that only four of the seven compact steep-spectrum sources with α < −0.9 (57%) have a WISE ID, suggesting that many strongly-scintillating sources with very steep spectra may lie at high redshift. A larger sample is clearly needed to test this further. An investigation of the radio source counts for different sub-populations of strongly scintillating sources is presented in a companion paper by Chhetri et al. (2018b) ; Paper III in this series. Table 8 summarises the properties of the hosts of radio sources in the IPS-MRC-1Jy sample, 84% of which are classified as galaxies and 16% as radio-loud QSOs. It is notable that of the 14 QSOs in the sample, only one (MRC 0040-208 at z=0.655) is a strongly scintillating source with NSI ≥ 0.9. The MRC-1Jy sample can be reliably divided into subsamples of radio galaxies and QSOs, so we can now address the issue raised in §3.1.2 of whether the median W1 magnitude of strongly-scintillating sources is fainter because the objects are more distant, or because the samples contain a different mix of (fainter) galaxies and (brighter) QSOs. Table 9 lists the median W1 magnitude and 162-1400 MHz spectral index for the radio galaxies in the MRC sample, with QSOs excluded.
The IPS-MRC-1 Jy sample
The ∼1.5 mag difference in median W1 magnitude between the hosts of weakly-scintillating and stronglyscintillating sources remains when QSOs are excluded from the calculation. From this, we conclude that the difference is not due to a different mix of (brighter) QSOs and (fainter) galaxies as suggested in §3.1.2. Instead, it must arise either because the strongly-scintillating sources are more distant or because their host galaxies are less luminous at mid-IR wavelengths. To resolve this, we now consider what is known about the redshift distribution of the IPS sources.
Estimated redshift distribution for the compact low-frequency sources
The K-z relation between the near-infrared K-band magnitude and redshift of powerful radio galaxies (e.g. Willott et al. 2003 ) is commonly used to estimate the redshift of radio galaxies if a spectroscopic redshift measurement is not available. For the large-area Chhetri et al. (2018a) IPS field, mid-infrared data from the WISE survey are significantly deeper than the available K-band data from the 2MASS survey, so we investigated the use of the WISE W1 magnitude as an alternative redshift indicator. Like the 2.2µm K-band, the 3.4µm WISE W1 band mainly tracks the light of the stellar population in normal galaxies, so there is a reasonable justification for the use of the W1 magnitude as a photometric redshift estimator for radio galaxies in the same way that K-band (Willott et al. 2003 ) and r-band (Burgess & Hunstead 2006b ) have previously been used. The observed K-W1 colour of a galaxy will change significantly with redshift, due to differing k-corrections in the K and W1 bands , so making a direct conversion from the well-established K-z relation to a new W1-z relation is not straightforward. Instead, we chose to derive a simple empirical relation between W1 and redshift that we can use to estimate the likely redshift distribution of the strongly-scintillating radio sources in the Chhetri et al. (2018a) IPS field.
3.2.1 The W1-z relation for radio galaxies Figure 6 plots WISE W1 magnitude against spectroscopic redshift for objects in Tables 3, 4 and 5 that have a reliable redshift measurement in the literature. A limit of W1 > 17.5 mag is assumed for the small number of sources with no catalogued W1 magnitude.
Strongly-scintillating sources with known redshifts are marked by open circles in Figure 6 . The red points for galaxy hosts of strongly-scintillating sources follow the same W1-z relation as the host galaxies of other sources in the field. From this, we conclude that the fainter W1 magnitudes found for strongly-scintillating sources in §3.1.4 (see Table 9) arise mainly because the strongly-scintillating sources are more distant, and not because their host galaxies are less luminous than those of other bright low-frequency radio sources.
The dashed line in Figure 6 shows the relation
which represents a simple linear fit to the galaxy points in Figure 6 . The results shown here imply that powerful radio galaxies with W1 > 16.8 mag are likely to lie at redshift z > 2. This appears reasonably consistent with our expectations from the Willott et al. (2003) K-z relation:
Figure 6. WISE W1 (3.4 µm) magnitude plotted against redshift for objects in Tables 3, 4 or 5 that have a reliable spectroscopic redshift available in the literature. Red points show galaxies, and blue points QSOs. The dotted horizontal line at W1 = 17.2 mag shows the completeness limit of the WISE catalogue, and the two red triangles below this line are upper limits in W1 for objects not detected in WISE. Open black circles show compact sources with strong IPS (NSI ≥ 0.9). The dashed line is a simple linear fit to the data points for galaxies, as discussed in the text. Offsets of ±0.36 mag from this line are also shown, and correspond to the median scatter of galaxies about the fitted line.
given the strong redshift dependence of the observed (K-W1) colour due to band-shifting effects (see Figure 8b of Jarrett et al. 2017 ).
Redshift estimates for the strongly-scintillating IPS sources
We now use the W1-z relation from equation (1) to estimate the likely redshift distribution for the strongly-scintillating sources in the Chhetri et al. (2018a) IPS field. We caution that that these redshift estimates are intended to be indicative only. In particular, the sources in the IPS sample are a mixture of galaxies and QSOs and so a W1-z relation based on galaxy data only provides a lower limit to the redshift of an individual radio source of unknown type. Table 10 summarizes the results. The estimated median redshift for all sources in the main IPS-FIRST sample is z ∼ 1.0, roughly consistent with what is expected for sources in a survey of this depth at 162 MHz (e.g. Condon et al. 1998 ). 20% of these sources have a host galaxy with W1 > 16.8 mag, and are expected to be high-redshift radio galaxies (HzRGs) at redshift z > 2. Sources that show weak or no scintillation have a significantly lower median redshift than the sample as a whole.
The strongly-scintillating sources in the expanded compact sample are significantly more distant than the overall low-frequency source population, with an estimated median redshift of z ∼ 1.5. At least one-third of all these sources have hosts that are fainter than 16.8 mag in W1, and so are expected to lie at z > 2. Finally, if we examine the subset of the IPS-MRC-1Jy sample for which reliable spectroscopic redshifts are available, we see a reassuring consistency between the W1-based estimates and spectroscopic measurements of both the median redshift and the fraction of sources likely to lie at z > 2. The former is probably to be expected, since MRC spectroscopic redshifts were used (along with other data) to derive the W1-z relation presented in §3.2.1. However, the agreement between the estimated and actual fraction of MRC-1Jy galaxies at redshift z > 2, both of which represent the tail of a distribution, is encouraging and suggests that IPS might potentially be used as a new tool to identify high-redshift radio galaxies (HzRGs) in the distant Universe. We explore this idea further in the next section.
IPS AS A TOOL FOR SELECTING
HIGH-REDSHIFT RADIO GALAXIES?
An IPS-based selection method for HzRGs
Current methods for identifying high-redshift radio galaxies (HzRGs) at z > 2 generally involve the selection of sources with ultra-steep (USS) radio spectra (e.g. spectral index α < −1.3; Miley & De Breuck (2008) ). Secondary criteria related to the angular size of the radio source and faintness of the host galaxy are also applied. Studies based on this technique (van Breugel et al. 1999; Jarvis et al. 2001b; De Breuck et al. 2002; Bryant et al. 2009; Saxena et al. 2018 ) have been effective in selecting distant objects, but do not necessarily give a complete and unbiased picture of the high-redshift radio-source population. For example, most of the distant objects selected through the USS technique have radio emission extending over tens of kiloparsecs (Miley & De Breuck 2008) , suggesting that this technique may bias against the selection of young, compact radio galaxies. An IPS-based technique for selecting HzRG candidates could provide a useful alternative to traditional USS methods. In particular:
• Selecting strongly-scintillating sources dominated by a compact (sub-arcsec) radio component simplifies the process of identifying the host galaxy. For example, McCarthy et al. (1996) note that identification of the hosts of compact (angular size ≤ 5 arcsec) and unresolved radio sources in their MRC-1Jy sample was straightforward, whereas more extended sources sometimes had two or more plausible identifications for which follow-up spectra were needed.
• The IPS technique typically selects sources with angular size ≤ 0.5 arcsec, corresponding to linear scales smaller than 3-5 kpc at redshift z > 2. In other words, this technique should select objects with linear size similar to classical GPS and CSS radio galaxies (O'Dea 1998). While this is only a transient stage in the evolution of an individual radio galaxy, it is a stage that all powerful radio galaxies are expected to pass through -allowing us to connect objects in the same evolutionary phase at different redshifts. Since the USS technique often picks up more extended lobedominated radio galaxies, the USS and IPS techniques have the potential to be complementary in building up complete samples of high-redshift radio sources.
• The median estimated redshift of z ∼ 1.5 for the compact sources in Table 10 is not far below the median value of z ∼ 1.9 for the Jarvis et al. (2001a) 6C* sample, which used USS spectral-index selection (with α < −0.98 at 151-4850 MHz). The IPS technique may therefore be able to reach a comparable redshift depth to previous USS searches, but without the need to impose any spectral-index selection.
An IPS-based technique for identifying HzRG candidates using data from a wide-field IPS survey with the MWA would be a fairly straightforward process:
(i) Select strongly-scintillating radio sources using an appropriate cutoff in the normalised scintillation index.
(ii) Cross-match the NVSS or SUMSS radio positions of these sources with the allWISE mid-IR survey catalogue, and select objects fainter than some appropriate limit in W1 magnitude.
In the next section, we use the IPS-MRC-1Jy sample to make some first tests of the effectiveness and completeness of this IPS-based HzRG search technique.
Tests on the MRC-1Jy sample
For a HzRG search technique to be effective, it should ideally perform well against two measures: (i) Efficiency: What fraction of the selected candidates are in the desired redshift range (e.g. what fraction are at z > 2)?
(ii) Completeness: What fraction of all sources in the target redshift range are selected by the technique?
The IPS-MRC-1Jy sample contains six z > 2 radio AGN that were selected from a flux-limited survey without any spectral-index preselection, so we can use this sample to test the efficiency and completeness of the proposed IPS technique. Since this z > 2 sample is very small, the results are only indicative at this stage. With IPS observations of the full MRC-1Jy survey area, more detailed tests would be possible.
As a starting point, we assume the two selection criteria to be NSI > 0.8, and W1 > 17.2 mag. We chose this slightly lower cutoff in NSI partly based on the distribution of points in Figure 5 , but also to avoid reducing the size of our small test sample even further. The results were as follows:
(i) IPS Efficiency: Of the 55 sources in Table 5 with reliable redshift data, only two (MRC 0030-219 and MRC 0052-241) satisfy both selection criteria. These two objects both lie at z > 2 (z = 2.168 and 2.86 respectively). Thus the IPS technique appears to be very efficient based on this small sample.
(ii) IPS Completeness: Of the six z > 2 radio galaxies in the IPS-MRC-1Jy sample, two were identified by the IPSbased selection criteria, giving a completeness of ∼30%.
We can make similar tests for the USS-based selection techniques used by Jarvis et al. (2001b) and Saxena et al. (2018) .
(i) USS Efficiency: Three of the 55 sources with redshifts in Table 5 (MRC 0015- Table  5 has a steep enough radio spectrum to satisfy the Saxena et al. (2018) cutoff of α < −1.3.
(ii) USS Completeness: Of the six z > 2 radio galaxies in the IPS-MRC-1Jy sample, three satisfied the Jarvis et al. (2001b) selection criterion of α < −0.98 giving a completeness of ∼50%. None of the six z > 2 sources satisfied the Saxena et al. (2018) selection criteria (which were designed for use with much deeper radio surveys), so the completeness for this more stringent USS cutoff of α < −1.3 is < 17%.
Our conclusion from these tests (on an admittedly small sample) is that the IPS selection technique appears competitive with existing USS techniques in terms of efficiency and completeness. The IPS technique also has the advantage of being able to select high-redshift radio AGN candidates without any need for spectral-index preselection. Extending the work presented here to a larger IPS sample with additional redshift data would allow the performance of this technique to be tested in more detail.
CONCLUSIONS AND FUTURE WORK
In this paper, we have identified the hosts of a representative sample of radio sources for which Interplanetary Scintillation (IPS) measurements have been made by Chhetri et al. (2018a) . We have also shown that WISE mid-IR magnitudes can provide a useful redshift estimator for these powerful radio galaxies, using only a simple linear relation between W1 and log(z) (see Figure 6) .
The hosts of sub-arcsecond compact sources identified through their strong scintillation in MWA IPS observations are typically distant radio galaxies (median redshift z ∼ 1.5), and we estimate that over 30% of them lie at redshift z > 2. More follow-up optical/IR data, and a larger-area IPS survey are needed to take this work further, but the results to date look very encouraging.
In the near future, the upgraded capabilities of the MWA should allow wide-field IPS studies to probe significantly deeper in flux density -reaching a typical detection limit of 0.4 Jy at 162 MHz, and detecting sources as weak as 0.1 Jy under ideal conditions ; Paper V in this series). This should allow us to probe to even higher redshift, and potentially detect powerful compact radio galaxies and radio-loud QSOs out to redshift 5-6.
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GLEAM J004246-061325 (PKS 0040-06) This GLEAM source corresponds to the northern hotspot of a wide double with a total angular extent of the radio source of at least 6 arcmin.The radio position listed by van Velzen et al. (2015) for this source (J2000: 00 42 45.77 -06 12 41.3) also corresponds to the northern hotspot rather than the whole source. The correct optical identification (with a 17th magnitude galaxy) was first made by Bolton et al. (1971) . The position listed in columns 9 and 10 of Table 3 is that of the optical galaxy, rather than the FIRST radio centroid. The SDSS spectrum shows narrow optical emission lines superimposed on a stellar continuum. At the SDSS redshift of z=0.1243, the projected linear size of the source is over 800 kpc.
GLEAM J004839-2947189 (PKS 0046-300) A faint uncatalogued source is visible in the WISE W1 image, at an offset of 2.5 arcsec from the NVSS radio position. One of us (THJ) measured a magnitude of W1 = 19.4 ± 0.9 mag. for this object, which we tentatively identify as the host of the radio source. This WISE source was not detected in the W2-W4 bands.
GLEAM J005026-120115 (PKS 0048-12) A bright WISE source located 7 arcsec from the radio centroid has mid-IR colours typical of QSO, and is also detected as a ROSAT X-ray source. Based on the radio morphology seen in the higher-resolution AT20G image, where the radio contours are extended in the direction of the optical object (see Figure A1 ), it appears probable that the strongly-scintillating low-frequency source is one hotspot of a radio-loud QSO. We therefore identify this WISE source as the likely host of the radio source PKS 0048-12.
GLEAM J005027-175237 (TXS 0047-181) There is a faint, uncatalogued WISE source (with W1 = 18.31 ± 0.30 mag, and undetected in the W2-W4 bands) offset by 6.1 arcsec from the NVSS radio position. It is unclear at this stage whether this faint object is associated with the radio source. The WISE image shows other faint sources nearby, suggesting the possible presence of a distant cluster of galaxies.
GLEAM J005039-102734 (MRC 0048-107) A visual inspection of the WISE W1 image shows two mid-IR sources close to the FIRST radio position. The closest object listed in the WISE catalogue (WISE J005038.95-102739.4 with W1 = 15.78 mag) is 3.0 arcsec away, but a second uncatalogued object is closer to the FIRST radio centroid. Based on measurements of the WISE made by one of us (THJ), we adopt WISE values of W1 = 15.67 ± 0.05, W2 = 15.21 ± 0.14 and W3 = 10.2 ± 0.95 mag. for the
